Policy makers as well as many economists recognize geological Carbon Capture and Sequestration (CCS) as a key option to avoid costly emission reduction. While an extreme perspective is to envision CCS as a magic bullet to solve the issue of climate change, the economics perspective is more balanced and see it as a part of a portfolio of mitigation actions. Besides, as any novel mitigation technology, CCS can be implemented with a twofold purpose; on one side it can substitute some other technological efforts to reach a given environmental target. On the other side, it offers the opportunity to go for additional emission reductions and reach a "safer" climate target. In order to balance these two possible utilizations of CCS and assess their respective effects on early policystrategies, we undertake a twofold numerical experiment. First, a cost-efficiency analysis is undertaken where CCS sole effect is substitution of other efforts. This is followed by a cost-benefit analysis where both purposes have to be balanced. We find that future availability of CCS is less a reason to relax near-term abatement efforts than what could be inferred from previous analyses. Moreover, cost-benefit analysis indicates that the environmental target should be more ambitious when CCS is included in the picture.
Introduction
Carbon Capture and Sequestration (CCS) technologies are receiving increasing attention, mainly for their potential contribution to the optimal mitigation of carbon dioxide emissions that is intended to avoid future, dangerous climate change. CCS technologies attract a lot of attention because they could allow "to reduce our CO2 emissions to the atmosphere whilst continuing to use fossil fuels" [10] .
The main policy question we address here is whether CCS technologies should be seen as a way to bypass immediate costly abatement action, while waiting for better information on the climate change issue. Deferring emission reductions is politically attractive for it avoids requiring explicit efforts from the populations. Thus, to policy makers who tend to oppose the notion of early abatement, CCS technologies offer a credible argument for postponing efforts. Conversely, in this paper it is argued that, given a cost-benefit analysis framework, CCS technologies represent a mean to reach emission trajectories lower than that proposed otherwise. Therefore, they offer an opportunity that should be envisioned in a perspective broader than that of a costefficiency analysis. If globally, large scale implementation of carbon sequestration could have a significant impact on our future emissions, should not we take it as a chance to adopt a climate target tighter (and safer) than the doubling of pre-industrial atmospheric carbon dioxide (550 ppmv)? This article uses a set of numerical simulations and assesses the relevance of the future availability of CCS for designing near-term (first decades) abatement policy and for the choice of an optimal climate target. Moreover, the uncertainty surrounding the climate cycle is considered. This allows to investigate 3 how largely future availability of CCS technologies impacts the optimal hedging policy.
Simulation experiments show that three main conclusions can be drawn.
(a) The environmental target that can be derived by applying a Cost-Benefit analysis should be more ambitious (stringent) if CCS is considered as an option that might become available.
(b) Cost-benefit analysis indicates that the future availability of CCS is much less a reason to bypass near-term abatement efforts than what is suggested by cost-efficiency analysis.
(c) Under standard assumptions about damages and climate sensitivity uncertainty, the substitution of near-term abatement by sequestration almost vanishes. Until information is obtained, emission reductions deriving from sequestration are purely additional to the abatement efforts.
These results are somewhat more conservative and they imply a more contained impact of CCS technologies on near term climate policy strategies than what can be inferred from studies elsewhere. Some recent analyses have used detailed bottom-up models in a cost-minimization framework [23, 1] . They emphasized that after 2050 carbon dioxide emissions could be significantly and increasingly curbed thanks to sequestration. Results in these publications show that, in 2100, sequestration could account for around 40% of the reduction required to stabilize carbon atmospheric concentration to 550 ppmv. In particular, Akimoto et al. [1] present a sensitivity analysis and suggest that this 40% contribution is relatively robust against changes in the CCS costs. But these results also suggest that few abatement efforts should be undertaken before 2030 to reach the 550 ppmv stabilization target [23, 1] . This effect is confirmed even under an hypothesis of high emissions baseline [1] . Analyses that have used the cost-benefit framework have been focused on forest-based sequestration [15] or on the issue of the non-permanency of the sequestration [15, 9, 13] . In particular, in Keller et al. [13] the impact on the optimal carbon tax of the availability of sequestration technologies is considered and appears to be insignificant before 2100; this also suggests that abatement policies before that date should remain unchanged. However, this result seems to be prompted by the assumption of a rather high marginal cost for sequestration (100 USD per ton C) which delays the adoption of the option much later into the future than recent contributions suggest [1, 23] .
Many publications have addressed the implications of the prevailing scientific uncertainties on optimal climate policy strategies. In particular, how climate uncertainty affects optimal emissions reduction strategies and how it should be included in the analysis (see for instance Nordhaus [18, chapter 8] , and also [21, 14, 20, 12] ).
In the present paper, we begin with a description of the model in Section 2. Section 3 describes the different scenarios simulated and presents the main results. Section 4 concludes.
Model and Simulations Description
The model we used is based on the latest version of Nordhaus' DICE [19] , an optimal economic growth model of the global economy that includes a climate module linked to carbon emissions deriving from the economic activity. The version we use departs 5 from the original DICE: it is structured in order to allow for sequential revision of decisions in the face of uncertainty and learning about climate risks. To this end, it is formulated as a probabilistic optimization problem, which maximizes the expected utility of consumption. After the date of learning, expected utility is conditional on the knowledge gained. This approach was also used in previous studies as in Nordhaus [18,  chapter 8] and in Nordhaus and Popp [20] .
In substitution to the original damage function, some of the simulations use a threshold damage function that we describe in details below. With this function, for temperatures under 2.5 and above 5.5 damages are lower than with the usual specification, but increase rapidly when the temperature increase ranges between 2.5-3 • C.
Finally, and this is the main novelty presented in the paper, as an alternative to traditional abatement effort we include in the model the option of carbon capture and geological sequestration (CCS). Before heading to the results of the simulated policy scenarios, we present in detail some relevant features of the model.
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Costs of carbon capture and sequestration
The current estimated costs associated to CCS technologies are rather high. While injection costs are variable and extremely dependent on the reservoir type and on local condition [4] , the costs for capture and transport represent the largest part. They are estimated between 35 and 264 USD per ton C for CO2 capture and transport from power plants [23] ; for the cement industry, the range is 183-917 USD/tC [10] . However, costs for capture and transport will possibly decrease through the century, mainly due to learning-by-doing. Besides, the physical potential for storage could be very large:
for underground storage 1 alone, global estimates range between 960 and 1,450 GtCO2
(40-390 GtC), while, the capacity of deep saline aquifers is estimated between 6,000 and 10,000 GtCO2 (1,600-2,750 GtC) [ Table TS5 In the model, we take a rule of thumb assumption concerning costs of CCS technologies, which are assumed to be quadratic in the level of effort with a linear component of 10 USD/tC and marginal costs increasing up to 400 USD, as proposed by R. Gerlagh and B. van der Zwaan 2 . We take 10 GtC per year as the maximum volume of CCS (corresponding to the marginal cost of 400 USD/tC). Besides, no leakages or auto-consumption of energy are assumed for CCS. 1 In porous and permeable reservoir stocks, depleted oil and gas fields, and coal beds [10] . 
Damage function
The damage function defines the share of GWP lost due to climate change. In the original DICE model, damage, D(·), is a quadratic function of the atmospheric temperature increase, θ t , D(θ t ) = a 1 θ t + a 2 (θ t ) 2 . In this article, we also derive results given a threshold damage function as proposed in [2] and defined by 3 : ages for high temperature rise, while allowing non-negligeable damages for temperature increases in the range of 2.5 degrees Celsius [5] .
Treatment of Uncertainty
Let us now discuss the issue of uncertainty on the climate. Climate uncertainty is captured by recognizing in the modelling design that today we ignore the true value of 3 For alternative specifications of thresholds in climate change, see also [12] . We approximate uncertainty through a discrete probability implying three states The central value (2.9 deg C) happens to be the parameter value retained in the original DICE 99 model. We have assumed equal probabilities of 33% for these three samples 4 .
Results and policy lessons
First we present the effect on abatement efforts of including CCS in a cost-efficiency analysis with a concentration target of 550 ppmv. [1, 23] used this same target for their analysis of the optimal mitigation portfolio. In a cost-efficiency setting, CCS is an option to reduce emissions and reach the target while avoiding some abatement efforts. While previous papers that presented cost-efficiency models showed that, in the long-term, CCS could have a significant place into the portfolio of emissions reduction measures, they did not explicitly calculate the amount of early abatement efforts that could be avoided.
Second, we present the effect of including CCS within a cost-benefit analysis. In this framework, CCS can still be used to avoid some abatement efforts but it can also be a tool to further lower the optimal emission trajectory. Which effect is going to dominate has to do with how marginal damages depend on emissions. In order to improve insights and gain in results robustness we looked at the effect of CCS with two different versions of the DICE model: one with the usual quadratic damage function, and the other with a threshold damage function, both described in the preceding section.
Cost-efficient policy, the 550 ppmv target
Let us begin by describing the optimal policy that allows to stabilize carbon atmospheric concentration at 550 ppmv. No climate damages enter the objective function and, since the target refers to carbon concentration, uncertainty on the evolution of the temperature does not matter.
Even when the CCS option is not available, the levels of abatement required are quite low. This mainly derives from the fact that baseline emissions grow moderately and reach 15 GtC in 2100, which is a relatively low level 5 . Marginal abatement costs are also quite low, and until 2040 remain under 10 USD/tC, which is the threshold for CCS to become competitive. As a consequence, cumulated sequestration by 2100 is modest (55 GtC).
Still, CCS availability from 2030 allows to bypass a significant share of the modest reduction efforts engaged in 2000-2029 (see Table 1 for a summary of the main results).
More than 20% of those otherwise optimal abatement efforts are now bypassed. Reduction of emissions is postponed to later periods where CCS is available. When CCS is an option for the later future, abatement costs are in 2010 roughly 40% lower than what they would be otherwise. Costs avoided are comparatively higher than avoided efforts because the cost function is a power function in abatement effort. The 550 ppmv target is central in the debate of mitigation policies. However, the concern of those who object to a 550 ppmv stabilization target is that it may imply an increase in temperature that might be dangerous. Indeed, within the DICE model, the cost-efficient 550 ppmv concentration target implies a temperature rise slightly above 2 degrees Celsius by 2100 and a continued increase during the next century. CCS could also offer an opportunity to tighten the policy target rather than to postpone efforts.
For this reason, in the next subsection a cost-benefit analysis framework is adopted to explore this question.
Optimal policy, cost-benefit analysis
The following results (see Table 2 ) are obtained by applying a cost-benefit analysis, first considering deterministic assumptions on the climate sensitivity parameter. The parameter is assumed to take its central value of 2.9 • C, as in the original DICE model.
Results obtained with both damages functions are presented. In contrast to cost-efficiency analysis, CCS availability by 2030 brings modest relative changes to near-term optimal emissions reductions from baseline, even though the optimal reductions are larger than in the cost-efficiency scenario. The effect of CCS availability is twice larger (-10%) when considering the threshold damage function than when the quadratic damage function is used (-5%). Indeed, with the threshold damage function, the shadow price of emissions becomes more dependent on the level of emissions whereas with the quadratic damage function, the DICE model is known to exhibit a shadow price that is relatively independent of the emissions level (see [22] ).
After 2030, the effect of CCS on abatement remains unchanged with the quadratic damage function, while it increases when damages are represented by a threshold function. However, the use of CCS does more than compensate for these avoided abatement efforts and the total reduction in emissions is larger. Clearly, CCS appears to be an option to engage in a more stringent control of climate change and not only an option to substitute some part of costly abatement efforts. As a consequence, optimal CO2 concentration and temperature levels reached by 2100 are lower when CCS is available (see Table 3 ). The impact of CCS is less visible in the case a threshold damage function is considered, given that the balancing of cost and benefits already leads to a more stringent reduction in emissions. designing an optimal hedging strategy?
The conclusion happens to be qualitatively dependent on the shape of the dam- In addition, the limited difference in near-term policies between scenarios with or without CCS suggests that the value of information regarding potential costs of carbon sequestration would be relatively small 6 in particular when compared to the value of 
Conclusions
As recalled by Holloway [10] , the geological storage of CO2 needs to be guaranteed at least 'until there has been a significant decline in the atmospheric CO2 levels'. Thus the necessary time frame for storage might be in the range of a few hundred years to a few thousand years. In any case, this is 'greater than the likely lifetime of any corporation'
and raises the issue of liability and of acceptability of this option by the public.
Nevertheless, Carbon Capture and Sequestration technologies are recognized as a promising and, in many ways, politically attractive way of reducing emissions without dramatically changing the fuel mix or the energy intensity of the economy. Indeed, CCS singles out from other mitigation actions, such as the reduction of energy demand and the switching towards carbon-free energy, which would imply more profound changes to the economy energy future (see for instance [7] ). For these reasons, the debate concerning CCS has grown and the discussion has often focused on the potential cost reduction that could be obtained through learning-by-doing and R&D expenditures and the resulting rates of penetration of sequestration technologies.
In this paper we have taken a slightly different perspective, asking the question of what should the optimal emission strategy be, admitting that the CCS option may become available at reasonable costs in the future. The main result of the analysis can be synthesized in the idea that if CCS is considered as an option, then more ambitious (stringent) environmental targets should be aimed for. Under standard assumptions about damages and climate sensitivity uncertainty, cost-benefit analysis suggests that the future availability of CCS is not a reason to bypass near-term abatement. In conclusion, until better information concerning these uncertainty sources is obtained, CCS reductions should be considered as mostly additional to traditional abatement effort.
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The model solves the following problem. 
M t+1 = α M M t + h(X t ) + β E t (K t , µ t , µ ccs t ) + LU t (2)
Intermediate Variables Y t = Available output; c t = total consumption; E t = Emissions; D t (X t ) = Climate damages; C t (µ t ) = cost of abatement; C ccs t (µ ccs t ) = cost of capture and sequestration.
The time horizon is T = 40. Time step t = 0 corresponds to the period 2000-2009.
The date of arrival of information, T L , to the period 2030-2040.
Initial conditions are K 0 , M 0 , X 0 . The cost functions C t (·) and C ccs t (·) are strictly increasing and convex. Utility is defined by U t = 1 (1+δ) t log(c t ). The production function F t is concave and defined through exogenous time dependent parameters (labor input and total factor productivity).
